Highly performance methods for cold pressing (cold die forging) of preforms from iron powder with subsequent heat treatment and producing ready parts made of powder are described in the paper. These methods allow fabricating parts with smooth surfaces and improved mechanical characteristics-porosity, tensile strength. Application of the traditional design set-up with a singleaxial loading is restricted to high stresses in the dies to deform the preforms that lead to cracks formation. New powder compaction schemes by applying active friction forces (shear-enhanced compaction) make it possible to unload dies and produce high-quality parts by cold pressing. The scheme allows moving the die in the direction of the material flow with a velocity that exceeds the material flow velocity.
Introduction
Powder metallurgy is a technology for manufacturing products from metal powder or their compositions with non-metallic components, obtained by various manufacturing methods as mechanical grinding of metals in a vortex, vibration or ball mills, spraying liquid metals with compressed air or inert gases, recovery of ore or scale, electrolytic deposition of metals from solutions, or by use of a strong current applied to the metal rod in a vacuum [1] [2] [3] . Despite the variety of methods and current state of the powder market development, the production of powders stays the most time-consuming and expensive stage of powder metallurgy [4] [5] [6] . Physical, mechanical, and chemical properties of powders, as well as the granulometry and morphology of particles, influence significantly on the formation of bonds between particles during perform compaction and further sintering. That affects the properties of the final product [7] [8] [9] [10] [11] .
In general, the technological process of powder metallurgy consists of four main stages: production of powders, mixing of powders, compaction (pressing, forming) and consequent sintering [12] [13] [14] [15] [16] [17] [18] [19] . Often the way of powder compaction in preforms under all equal conditions predetermines the properties of the final product and takes a critical role in the formation of the internal structure (homogeneity, absence of pores, cracks) [20] [21] [22] .
Powder metallurgy allows producing of the parts from new materials, for example, as pseudoalloys from non-fusible-cast components, with controlled mechanical, magnetic, and others characteristics that cannot be achieved by any other production method [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Forming of preforms for production of the final product is carried out by cold pressing under high operational pressure up to 1000 MPa in metal dies of hard closed molds at the press tool, which is oriented vertically. The mixture of powders is freely poured into the cavity of the die between the upper and lower punch (Figure 1 ), or between several punches in the case of the production with several transitions [33] ; the volume dosage is regulated by the course of the lower punch. The formed preform is pushed out of the cavity of the die lower punch. For molding is used specialized press equipment with mechanical, hydraulic or pneumatic drive. The resulting preform has the size and shape of the final product and sufficient strength for unloading and transportation to the sintering furnace. After that, the preform is sintered in order to improve its strength and ductile. For the production of high-precision parts, sintering performs in furnaces with reducing (hydrogen, dissociated ammonia) or protective (nitrogen, argon, endothermic gas) atmosphere. Sintering can be carried out in furnaces or using the method of forming combined with sintering by electric current pulses [34] . This article is devoted to research of the suitable compaction schemes with a complex load of iron powder before sintering. It should be noted that the authors did not research optimal design and schemes of compaction, as a study of optimality is a mathematical search for determining optimality itself. In the case of powder metallurgy compaction schemes, it can be results of multi-factors influence, where the criteria of optimality include such parameters of the obtained preforms as porosity and density of the samples, roughness, and a complex of physical and mechanical properties. That all is too large for a single manuscript, which introduces innovative schemes of load and several working designs of stamps, which were tested in the conditions of real production. Meanwhile, the search of optimal stamp construction and compaction schemes is a good purpose for further research.
The pressure of compaction of iron powders varies between P = 500-800 MPa (50-80 kg/mm 2 ). The point is about water (grade series WP) and air (grade series RZ) atomized pure iron powder with restored chemical purity and ultimate particle size from 160 to 200 µm, average bulk density γ of 2.6-2.8 g/cm 3 [35, 36] according to its mechanical properties and assignation. As practice showed, if the pressure is less than 500 MPa or more than 800 MPa, the preform can crack and break. With the forming pressure P in the range of 500-800 MPa applied simply, the preform shows high porosity This article is devoted to research of the suitable compaction schemes with a complex load of iron powder before sintering. It should be noted that the authors did not research optimal design and schemes of compaction, as a study of optimality is a mathematical search for determining optimality itself. In the case of powder metallurgy compaction schemes, it can be results of multi-factors influence, where the criteria of optimality include such parameters of the obtained preforms as porosity and density of the samples, roughness, and a complex of physical and mechanical properties. That all is too large for a single manuscript, which introduces innovative schemes of load and several working designs of stamps, which were tested in the conditions of real production. Meanwhile, the search of optimal stamp construction and compaction schemes is a good purpose for further research.
The pressure of compaction of iron powders varies between P = 500-800 MPa (50-80 kg/mm 2 ). The point is about water (grade series WP) and air (grade series RZ) atomized pure iron powder with restored chemical purity and ultimate particle size from 160 to 200 µm, average bulk density γ of 2.6-2.8 g/cm 3 [35, 36] according to its mechanical properties and assignation. As practice showed, if the pressure is less than 500 MPa or more than 800 MPa, the preform can crack and break. With the forming pressure P in the range of 500-800 MPa applied simply, the preform shows high porosity (around 15-18%) [37] [38] [39] [40] [41] [42] . With such a porosity, the preform after sintering can demonstrate insufficient strength and ductility [43] .
The goal of the current research is to investigate factors affecting the density of preforms made by the developed method of a complex load: the simultaneous application of compressive stress P and shear stress τ and draw the conclusions on recommended design of cold-pressing set-up for the implementation of this method.
Methods and Materials

Developed Method of Complex Load
The possible reason why the quality of obtained preforms after single-load scheme of compaction cannot be sufficient at a pressure above 800 MPa can be specific zones of resistances-micron-sized cavities or macro-pores [44] [45] [46] [47] . They can be interpreted as arch construction composed from particles that can withstand high stresses, when the load increases, the arch (of a pore) formed by adhesion and chemical bonds of atoms of particles' surface only becomes denser and stronger, this inhibits further preform compaction [20, 31, 32, 34, 48, 49] . Preliminary experiments and existed practice showed that the surface that forms pores cracks with a further increase in load. However, the preform cracks as well.
This fracture of the sample is due to insufficient compaction of the powder to achieve reliable adhesion bonds between its particles. The possible reason for it at pressures above 800 MPa is shown in Figure 2a , where the letter P denotes the specific force compressing the powder poured into the stamp. The circle shown by the solid line indicates a pore formed during powder compaction having a macroscopic size (from now on macro-pore).
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The possible reason why the quality of obtained preforms after single-load scheme of compaction cannot be sufficient at a pressure above 800 MPa can be specific zones of resistancesmicron-sized cavities or macro-pores [44] [45] [46] [47] . They can be interpreted as arch construction composed from particles that can withstand high stresses, when the load increases, the arch (of a pore) formed by adhesion and chemical bonds of atoms of particles' surface only becomes denser and stronger, this inhibits further preform compaction [20, 31, 32, 34, 48, 49] . Preliminary experiments and existed practice showed that the surface that forms pores cracks with a further increase in load. However, the preform cracks as well.
This fracture of the sample is due to insufficient compaction of the powder to achieve reliable adhesion bonds between its particles. The possible reason for it at pressures above 800 MPa is shown in Figure 2a , where the letter P denotes the specific force compressing the powder poured into the stamp. The circle shown by the solid line indicates a pore formed during powder compaction having a macroscopic size (from now on macro-pore). The resulting macro-pores resist compaction. Before these pores close, the so-called "re-pressing" cracks are initiated on macro-pores' surface under the action of P as it was shown in Figure 2a by a dashed line. Then the workpiece is destroyed upon further compression. Subsequent sintering of the molded sample practically does not change its residual porosity.
The situation can be improved by adding additional intensifier of processing-a shear stress τ in combination with a single axis load P (Figure 2b) , and then the pore closes with no cracks form on Technologies 2019, 7, 70 4 of 17 its surface. It can be related to a hypothesis that the shifts between particles under the influence of stresses of shear flow τ contribute to the destruction of adhesion and chemical bonds of the surface of powder particles that compose an arch; the microplastic deformation of particles occurs that forms new comprehensive adhesion and chemical bonds between particles [50, 51] . It improves the conditions for subsequent sintering of the sample and its final porosity and properties.
In work, the iron powder is subjected the load with the shift of the powder layers to avoid the described above problem and for manufacturing high-density preforms. The shifts are generated by using active forces of contact friction [52] . The experience showed that if compressive stress P and shear stress τ are applied simultaneously, the preform is stayed sufficient strength for further relocating. That can be associated with pores closing and enhancement of the adhesion bonds and redistribution of local stresses [53] [54] [55] [56] [57] . With an increase in the load, microcracks arise near the boundaries due to the large accumulation of dislocations, resulting in brittle fracture [58] [59] [60] [61] .
As it is well known from the practice, the existed in preforms macro-pores present barriers for efficient compaction up to high densities in vertically oriented compaction scheme. The density reaches saturation when increasing the compaction stress during conventional cold pressing with a single-axial loading (Figure 2a ). The different design of the cold-pressing set-up that relies on creating a shear flow τ in the powder preform are proposed to mitigate this ( Figure 2b ). Thus, a high density of iron compacts can be achieved. The known principal idea as shear-enhanced compaction [62, 63] was approbated in new simple engineering design of dies and preforms. Figure 3 shows various combinations of cylinder axial stress in the workpiece σ n and shear stress τ, at which we managed to obtain fixed density ρ = 7.1 g/cm 3 in the compacted preform.
Coefficient of Friction
The resulting macro-pores resist compaction. Before these pores close, the so-called "repressing" cracks are initiated on macro-pores' surface under the action of P as it was shown in Figure  2a by a dashed line. Then the workpiece is destroyed upon further compression. Subsequent sintering of the molded sample practically does not change its residual porosity.
The situation can be improved by adding additional intensifier of processing-a shear stress τ in combination with a single axis load P (Figure 2b) , and then the pore closes with no cracks form on its surface. It can be related to a hypothesis that the shifts between particles under the influence of stresses of shear flow τ contribute to the destruction of adhesion and chemical bonds of the surface of powder particles that compose an arch; the microplastic deformation of particles occurs that forms new comprehensive adhesion and chemical bonds between particles [50, 51] . It improves the conditions for subsequent sintering of the sample and its final porosity and properties.
As it is well known from the practice, the existed in preforms macro-pores present barriers for efficient compaction up to high densities in vertically oriented compaction scheme. The density reaches saturation when increasing the compaction stress during conventional cold pressing with a single-axial loading (Figure 2a ). The different design of the cold-pressing set-up that relies on creating a shear flow τ in the powder preform are proposed to mitigate this ( Figure 2b ). Thus, a high density of iron compacts can be achieved. The known principal idea as shear-enhanced compaction [62, 63] was approbated in new simple engineering design of dies and preforms. Figure 3 shows various combinations of cylinder axial stress in the workpiece σn and shear stress τ, at which we managed to obtain fixed density ρ = 7.1 g/cm 3 in the compacted preform. Apart from the combination of stresses, the crucial factor affecting forming is the friction coefficient µ between the interacting surfaces of the wall and powder preform-die-wall friction [64, 65] . When µ is below a certain value, increasing τ results in unwanted slipping between the tool and the powder preform surface that breaks the process [43] . The diagram shows two example values of µ that in effect put a limit on increasing τ. Various coefficients of friction µ were obtained standardly-by changing the medium between the interacting surfaces of:
1.
The pair of "wall-powder workpiece"-the use of standard lubricants; 2.
between the particles of the powder-the use of a plasticizer introduced into the prepared powder mixture.
The choice of lubricant depends on the required coefficient of friction. This diagram is necessary for researchers who can determine the relationship between axial and tangential stresses in the pressed workpiece for a given coefficient of friction to control the pressing process using the controlled movements of the machine.
Material and Equipment
The preform is made from water atomized pure iron powder PZhV2.160.2 powder (JSC Sulinsky Metallurguchesky Zavod, Krasny Sulin, Russia), which was produced under license and the analog of the widespread WPL200 powder [66, 67] produced by Mannesmann Demag (Renningen, Germany). The chemical composition of the powder presented in Table 1 . A modified version of EPM-800H/S (Anshan TAIHANG Electronic Power Co Ltd., Beijing, PRC) was used for compacting preforms as a press tool. The press tool has multi-way bidirectional pressing mode for pressing the preforms for the parts high requirement for equal density or thickness of the molded product [69] . In this case, the lower punch does not move, the upper punch enters the die and presses the powder, the die does not move. The upper punch reaches a halfway, when the punch and die begin to move synchronously downwards, creating pressure in the downward direction. Multi-way pressing is modeled and the product gains uniform density throughout its thickness. The movement of the upper punch and die is programmable and controlled by special sensors. Sintering of the preforms was performed at a hot isostatic press equipment American Isostatic Presses (Columbus, USA) for impact on the material of high temperature and pressure that assists in achieving of equal shrinkage and density of the products.
It should be noted, in the machine indicated in the article, the upper punch and matrix can move up and down. The bottom punch is always stationary. The movement according to the scheme under consideration is as follows: first, the upper punch moves down with a certain increasing force (due to an increase in the resistance of the powder material being compacted, i.e., a decrease in the pore space), this happens until the upper punch reaches a certain point at which the powder is no longer compacted. For further compaction of the powder workpiece, a shift (shear flow τ) is necessary, which is realized by simultaneously moving the matrix and punch down.
Characterization of the Samples
Porosity of the samples was mainly controlled according to ISO 5017-88. A Pascal 440 porosimeter (Thermo Scientific, Waltham, USA) was used to obtain additional data that contributed to drawn more objective conclusions.
The surface roughness was estimated by a Hommel Tester profilograph-profilometer (Jenoptik Industrial Metrology, Villingen-Schwenningen, Germany) with a range of measuring of 8, 80, 800, 8000 µm (depending on the used probe; resolution from 1 to 1000 nm); measurement error-2%. 
Results
Manufacturing of Thin Round Parts
One of developed designs of a stamp for the creation of shear stress τ is shown in Figure 4a . Lower plate 1 with the die containing powder 3 is mounted on the press table. Nut 2 is based on the lower die plate 1. Press slider 5 acts on the down feed screw 4 with a punch 6. The thread angle of the screw 4 and the nut 2 should be at least 18 • . If this angle is less than 18 • , the screw will not rotate due to the friction in the thread.
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Results
Manufacturing of Thin Round Parts
One of developed designs of a stamp for the creation of shear stress τ is shown in Figure 4a . Lower plate 1 with the die containing powder 3 is mounted on the press table. Nut 2 is based on the lower die plate 1. Press slider 5 acts on the down feed screw 4 with a punch 6. The thread angle of the screw 4 and the nut 2 should be at least 18°. If this angle is less than 18°, the screw will not rotate due to the friction in the thread. The design of the stamp in Figure 4a has a fixed ratio of translational and rotational motions of the tool. In addition, there is a great loss of the pressing force due to the friction in the thread. The impact to the workpiece is just about 2.5-3 MN with the press power of 5 MN (500 ton), so the effectiveness of the system is ~50-60%.
Another efficient stamp construction is shown in Figure 4b . Nut 2 is connected with press slider 1. Inside the frame with nut 2, there is down feed screw 3 with a punch at its lower end. Powder preform 4 is placed in the cavity of the die in bottom plate 7. Ejector 5 is used to extract the preform from the die. The most important part of this scheme is spring element 6 located between the upper end of the screw and the press slider. If spring element 6 did not exist, the axial force would be created only by friction in the thread between screw 3 and nut 2. In the ideal case, when the thread is frictionless, this force is absent. However, the presence of the spring element results in the additional axial force, which makes the whole design more efficient. In this stamp, the full press power (5 MN) applies to the powder preform. The ratio of the direct and rotational movements of the punch is controlled by the rigidity of the spring element 6 at a constant thread angle of the nut 2 and screw 3.
It should be noted that die tooling was installed on the table of a hydraulic press with force (5 MN). For a hydraulic press, excess force does not have dire consequences, as is the case with crank The design of the stamp in Figure 4a has a fixed ratio of translational and rotational motions of the tool. In addition, there is a great loss of the pressing force due to the friction in the thread. The impact to the workpiece is just about 2.5-3 MN with the press power of 5 MN (500 ton), so the effectiveness of the system is~50-60%.
It should be noted that die tooling was installed on the table of a hydraulic press with force (5 MN). For a hydraulic press, excess force does not have dire consequences, as is the case with crank machines (or any other with a hard stroke). Nevertheless, the calculation of the spring element, inserted into the rig, is for this purpose that the increase in force in the press will not be observed. This is for the designer quite real and standard calculations of the spring element. machines (or any other with a hard stroke). Nevertheless, the calculation of the spring element, inserted into the rig, is for this purpose that the increase in force in the press will not be observed. This is for the designer quite real and standard calculations of the spring element. This scheme was embodied in the design of the function stamp (Figure 5a ). The design of the stamp includes die block 1 with cavity 2 for powder, which is based on press Table 10; frame 3 fixed to upper plate 4. Inside frame 3, screw 5 and nut 6 are arranged. Nut 6 is fixed to frame 3, and screw 5 in the initial position to prevent from falling out of nut 6 by its flange. At the lower end of screw 5, there is punch 7. Inside frame 3 with the initial gap in the upper end of screw 5, there is restrictive plate 8, which is placed under spring element 9. Preliminary compression of spring element 9 is performed during mounting of frame 3 to upper plate 4 and it is regulated by selection of the thickness of restrictive plate 8.
Screw 5 is a multiple-thread screw with the thread angle of 18°. The stamp operates as follows. Once cavity 2 of die block 1 is filled with powder, upper plate 4 with frame 3, nut 6, screw 5, based in its original position on nut 6 by its flange, and punch 7, move down. At the initial moment of the working stroke of punch 7, screw 5 starts to rotate forcefully inside nut 6. Rotation is fastest at this moment, and has one beneficial side effect: the upper end of the powder is leveled under the weight of the rotating screw and punch. Once the upper end of the screw touches restrictive plate 8, the latter applies additional force to the screw. Screw 5 moves then together with frame 3 and nut 6, producing preforming of the powder. Once the force on the upper end of screw 5 becomes higher than the preload force of spring element 9, screw 5 with nut 6 moves together with restrictive plate 8 inside of frame 3. As a result, the axial movement of punch 7 carries out the final forming of the powder while it rotates. The design of the stamp includes die block 1 with cavity 2 for powder, which is based on press table 10; frame 3 fixed to upper plate 4. Inside frame 3, screw 5 and nut 6 are arranged. Nut 6 is fixed to frame 3, and screw 5 in the initial position to prevent from falling out of nut 6 by its flange. At the lower end of screw 5, there is punch 7. Inside frame 3 with the initial gap in the upper end of screw 5, there is restrictive plate 8, which is placed under spring element 9. Preliminary compression of spring element 9 is performed during mounting of frame 3 to upper plate 4 and it is regulated by selection of the thickness of restrictive plate 8.
Screw 5 is a multiple-thread screw with the thread angle of 18 • . The stamp operates as follows. Once cavity 2 of die block 1 is filled with powder, upper plate 4 with frame 3, nut 6, screw 5, based in its original position on nut 6 by its flange, and punch 7, move down. At the initial moment of the working stroke of punch 7, screw 5 starts to rotate forcefully inside nut 6. Rotation is fastest at this moment, and has one beneficial side effect: the upper end of the powder is leveled under the weight of the rotating screw and punch. Once the upper end of the screw touches restrictive plate 8, the latter applies additional force to the screw. Screw 5 moves then together with frame 3 and nut 6, producing preforming of the powder. Once the force on the upper end of screw 5 becomes higher than the preload force of spring element 9, screw 5 with nut 6 moves together with restrictive plate 8 inside of frame 3. As a result, the axial movement of punch 7 carries out the final forming of the powder while it rotates.
After forming of the workpiece, the reverse movement of upper plate 4 returns restrictive plate 8 and screw 5, under the pressure of spring element 9 and their weight, to their initial position. They continue to move up simultaneously with frame 3 and nut 6 in order to set free the workpiece, which is eventually unloaded from the die block 1 using an extractor. Figure 5b presents a photo of a preform produced with this stamp. Note that the preform is extremely thin, which would be impossible to achieve without initial leveling of the powder by the rotational movement of the screw and punch described above.
It should be noted that the effectiveness of creating a shear movement of powder particles depends on the initial thickness of the powder layer in the die. The recommendations on shear stress for producing high-density thin parts for both low ring semi-finished products [20] and cylindrical blanks [32, 34, 43] were discussed in details previously.
Manufacturing of Thick Round Parts
The previous section described the manufacturing features of thin parts from iron powder. The shifts inside the powder mass were also used to manufacture parts with much higher height. The preform is compacted as it is shown in Figure 6 . After forming of the workpiece, the reverse movement of upper plate 4 returns restrictive plate 8 and screw 5, under the pressure of spring element 9 and their weight, to their initial position. They continue to move up simultaneously with frame 3 and nut 6 in order to set free the workpiece, which is eventually unloaded from the die block 1 using an extractor. Figure 5b presents a photo of a preform produced with this stamp. Note that the preform is extremely thin, which would be impossible to achieve without initial leveling of the powder by the rotational movement of the screw and punch described above.
The previous section described the manufacturing features of thin parts from iron powder. The shifts inside the powder mass were also used to manufacture parts with much higher height. The preform is compacted as it is shown in Figure 6 . Two schemes were proposed to achieve low residual porosity of workpieces for deformation of powder preforms, which change not just the density of the workpiece, but also its shape. Figure 6 . The sequence of forming a powder preform by axial compression with creation of a shift of powder particles: (a) Preform compaction with its simultaneous expansion from 36 mm-to 32 mm-cavity; (b) preform compressing from the 36 mm-to the 32 mm-cavity; V n is the direction of movement of the punch; V M is the direction of movement of the die; P n is the force applied to the punch.
Two schemes were proposed to achieve low residual porosity of workpieces for deformation of powder preforms, which change not just the density of the workpiece, but also its shape.
Changing the shape of a preform is always associated with the shifts in a preform. We create shear stress in the preform using a die with changing inner diameter. The first scheme of forming involves preform compaction with its simultaneous expansion when moving from the top of the cylindrical die cavity of 32 mm in diameter to the lower cylindrical cavity with a diameter of 36 mm (Figure 6a) .
The second scheme involves the same two operations as it was shown in the first scheme and then compressing the preform from the 36 mm-to the 32 mm-cavity (Figure 6b ). In the proposed forming schemes pressure P is applied to the end of the forming preform. P is defined as force P n divided by the cross-sectional area of the punch.
In the first scheme, specific force P n was in the range of 850-900 MPa when in the second one, P n did not exceed of 300-350 MPa. Thus, in the second scheme, the applied force was reduced by 2.6-2.8 times relative to the first scheme by making two movements of the die instead of one.
It should be noted that hereby this is not about pressure, but about specific force, i.e., the applied force on the surface of the powder in the tool, referred to the surface area of the punch. A decrease in axial stresses and an increase in tangent ones, which are related to the characteristic features of the second scheme, leads to a decrease in axial force due to the active work of contact friction forces.
Extrusion and Lubrication of Preforms
After forming of the powder preforms, they are sintered. After that, additional extrusion and lubrication using our method described below may be applied to them.
Lubrication is accomplished by applying the coating consisting of two the most widespread lubricates in powder metallurgy-graphite and zinc stearate powders, which were mixed in equal parts, to the sintered preform prior to its extrusion. During extrusion, coating material fills the pores in the surface layer of the workpiece. As a result, during the subsequent heat treatment of the preform carburization of its surface is achieved. The resulting steel casing (thick coating) greatly improves the mechanical characteristics of the parts.
Application of coating is performed by placing the sintered preform in a die cavity having larger diameter D than preform diameter d 0 (Figure 7) . The free space in the die around the preform is filled with a mixture of graphite powder and zinc stearate powder. After filling the powder surrounding the preform, it is pushed into the die cavity, which has diameter d equal to the diameter of the coated preform. Pushed by the pressure, the coating powder mix is converted into a compact casing, which is firmly retained on the surface Figure 7 . The scheme of the method for applying graphite coating to the sintered preform prior to extrusion, where P n -specific power applied to the punch; D-diameter of larger die cavity; d 0 -diameter of preform; d-diameter of main die cavity.
The free space in the die around the preform is filled with a mixture of graphite powder and zinc stearate powder. After filling the powder surrounding the preform, it is pushed into the die cavity, which has diameter d equal to the diameter of the coated preform. Pushed by the pressure, the coating powder mix is converted into a compact casing, which is firmly retained on the surface of the sintered preform (Figure 8a) . Figure 7 . The scheme of the method for applying graphite coating to the sintered preform prior to extrusion, where Pn-specific power applied to the punch; D-diameter of larger die cavity; d0diameter of preform; d-diameter of main die cavity.
The free space in the die around the preform is filled with a mixture of graphite powder and zinc stearate powder. After filling the powder surrounding the preform, it is pushed into the die cavity, which has diameter d equal to the diameter of the coated preform. Pushed by the pressure, the coating powder mix is converted into a compact casing, which is firmly retained on the surface of the sintered preform (Figure 8a ). Extruding parts from the covered preforms are performed conventionally. The cased preform is placed into the die, and a punch produces extruding. The pressure from the preform to the die walls is 1000-1500 MPa. This force presses the cased material into the pores on the surface of the workpiece [70] [71] [72] [73] .
Zinc stearate contained in the coating mix acts as a lubricant and allows reducing the force on the extruding punch. In this method, it is advisable to heat the die to make the lubricant coating liquid. Raising the temperature of the die to 280 • C, while reducing the preform density to 85%, significantly reduces the squeezing force compared to the extrusion of the uncoated preform-by more than 23%. Further reduction of the pressure may be achieved using the method described in [74] .
During subsequent heat treatment of the part, which is carried out, in particular, to relieve the residual stress, the carbon in the pores of the surface layer chemically reacts with iron from which the part is manufactured, and a thin steel casing is formed. As a result, durability and hardness of the part are improved. Furthermore, additional hardening of the part may be performed by cooling it quickly.
Parts manufactured from iron powder using the method described above are shown in Figure 8b .
Discussion
The analyses of the porosity of the samples as thin round parts obtained by two schemestraditional single axial load and with complex load were carried out. The obtained data (Figure 9 ) were interpolated and correspond to the known data in common trends [75] .
The character of pores had closed morphology; the obtained data showed that the smallest detected pores were in the range of 68-70 nm, but the percentage of these pores in the researched surface was less than 0.3%. The average diameter of the pores was in the range up to 1-20 µm.
The shown porosity of the preforms can influence positively on heat and wear resistance, tensile strength (~30% by analyzed data) of the final product [76] [77] [78] [79] [80] [81] [82] . It should be noted that ultimate stress tensile was pre-estimated by true-stress true-strain tensile test and fitting curves for bulk specimens obtained by equations shown in [65] and the Ludwik equation [83] . As it can be seen from the graphs, the proposed scheme of load showed and proved its effectiveness; the average porosity improved by~10-15% in comparison with the conventional scheme of load and can be recommended for thin round parts.
The roughness of the samples was improved from Ra = 3.2-6.3 µm for the single load scheme (Rz = 10-20 µm) to Ra = 1.6-3.2 µm in the case of complex load.
The detailed research of the porosity and the roughness of the obtained samples with the proposed schemes can be done during further comprehensive research for the next publication work to avoid overloading of the current paper.
detected pores were in the range of 68-70 nm, but the percentage of these pores in the researched surface was less than 0.3%. The average diameter of the pores was in the range up to 1-20 µm.
The shown porosity of the preforms can influence positively on heat and wear resistance, tensile strength (~30% by analyzed data) of the final product [76] [77] [78] [79] [80] [81] [82] . It should be noted that ultimate stress tensile was pre-estimated by true-stress true-strain tensile test and fitting curves for bulk specimens obtained by equations shown in [65] and the Ludwik equation [83] . As it can be seen from the graphs, the proposed scheme of load showed and proved its effectiveness; the average porosity improved by ~10-15% in comparison with the conventional scheme of load and can be recommended for thin round parts.
The detailed research of the porosity and the roughness of the obtained samples with the proposed schemes can be done during further comprehensive research for the next publication work to avoid overloading of the current paper. Figure 9 . The correlation between applied pressure and average porosity of the samples as thin round parts, where "Graph 1"-obtained by the single axial load; "Graph 2"-obtained by the complex load. The preform, which is shown in Figure 5b , is thin and has high density-around 96-98 percent relative to the density of a part stamped from a steel blank with equal chemical composition. At the same time, the part produced from powder has some additional properties that are useful, for example, in friction mechanisms. The parts, which are shown in Figure 8b , have high density and smooth surfaces, whereas their shape is entirely different. This demonstrates that the developed methods make it possible to produce a broad spectrum of high-quality parts from iron powder.
The question of the influence of the surface roughness of the die/mold inner surfaces were not investigated in the frames of current research, but deserve attention for further study. By pre-estimated data, the roughness of these surfaces can have a beneficially impact on increasing the shear stress.
The influence of the friction coefficient on the parameters of samples deserves an additional detailed study. In the current research, it was evaluated the impact of the proposed lubricant on the reduction of the extrusion forces, which reaches 23%.
Various designs were considered for powder compaction that allows creating a combination of the axial and shear stresses for achieving higher densities of the final product. For a better understanding of the positive influence of the proposed schemes, the authors calculated the efficiency of compaction by [84] :
where ρ 1 -relative density of the powder system in the conventional scheme; ρ 2 -relative density of the powder system with complex load; ∆ρ-relative density gain. In this case, relation ρ ∆ρ is a quality parameter of powder body. By estimated data, calculated efficiency of the proposed scheme for thin round parts achieves~95%.
The investigation confirmed the high importance of the compaction schemes in production of parts from iron powder for providing specific properties as low porosity and high-density of the mesostructure of the parts that influence on its precision and performance of the production and final exploitation properties of the parts. Shifts are generated by using active forces of contact friction contribute compressive stress P accompanied by shear stress τ simultaneously to close the internal spaces between the powder particle in the die.
It should be noted that the obtained results can be correlated with the results obtained at the schemes of compaction with the alternative source of the process intensifiers as ultrasound, electric or magnetic pulses [43, [85] [86] [87] [88] [89] [90] [91] [92] [93] . In all of the cases, the better results can be achieved for the materials of transition metals group (Fe, Cr, Ni) that have an uncompensated spin in compounds for the formation of an adhesive bond. It related to the fact that these atoms have unfinished internal electron shells.
Thus, the spin of an electron participating in a chemical bond can be reoriented to fill anti-binding orbitals, which can lead to subsequent bond decay. After bond breaks, single impurity atoms diffuse across the crystal and are trapped at distorted interfaces.
A feature of all these phenomena is that these processes causing a change in properties occur at room temperature. Of most considerable interest is the diffusion mobility of atoms, the occurrence of lasing processes.
It is natural to assume that, because of a combined effect on materials, microplastic deformation occurs and the chemical bond between the particles, unlike the mechanical one, is a volume hardening of the shape. The mechanism of this process is as follows.
With a shift in the interdomain boundaries, the directions of the electron spin moments change, which is accompanied by deformation and the associated elastic stresses. That leads to a redistribution of local stresses. In these places, the processes of reproduction and dislocation movement are most intensive and, thus, foci of plastic deformation are formed, causing the formation of an adhesive bond. However, if you expose the workpieces with too large shear loads, then because of the significant accumulation of dislocations near the boundaries, microcracks arise, which ultimately lead to brittle fracture.
Conclusions
In work, the hypothesis on the existed in preforms macro-pores, which create the barriers for efficient compaction up to high densities in compaction schemes with a single-axial loading is confirmed. Then the preform density reaches saturation when an increase in compaction specific force during cold pressing does not have a right impact on further compaction. Alternative designs of the cold-pressing set-ups that rely on creating a shear flow τ were proposed. The experiments showed that the density of the samples increases when the porosity decreases (~10-15%) in comparison with the conventional scheme by applying the alternative schemes of compaction with the simultaneous vertical load and shear flow. That influence significantly on mechanical properties of the samples (~30%).
The first proposed scheme for production thick round parts, where operational pressure was in the range of 850-900 MPa, proved its ineffectiveness in comparison with the second one, where the operational pressure did not exceed of 300-350 MPa due to the unidirectional impact of the force and movement of the punch making two movements of the die instead of one.
The proposed scheme for pressing of thin round part preforms proved its effectiveness in the production of an extra-thin ring preform of 0.3 mm-thickness with the diameters of 130 and 95 mm correspondently. The proposed scheme showed up to~95% of the effectiveness of the applied pressing forces by the spring element located between the upper end of the screw and the press slider, which contributes additional axial forces for creation shear stresses in the working zone that reduces friction between working surfaces of the mold.
The developed method for graphite lubrication of the parts creates the casing that case the pores and reduces the extrusion forces by 23% due to its lubricant properties under a temperature of 280 • C.
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